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Abstract. Observations of tritium anéHe in the Tyrrhenian 1  Introduction
Sea, 1987-2009, confirm the enhanced vertical mixing of in-

termedlate. Waters_ into the deep Wate_rs that has been_ nOt,el-(’irevious work has demonstrated that the Tyrrhenian Sea acts
and associated with the Eastern Mediterranean Transient ip, ... intermediate-depth waters entering from the Eastern

previous studies. Our evidence for the mixing rests on iN-Mediterranean (EMed) with Western Mediterranean Deep

creasing tracer concentrations in the Tyrrhenian deep watergyater (WMDW) (e.g., Hopkins, 1988; Astraldi et al., 1996)
accompanied by decreases in the upper waters, which arey, o ixing occurs primarily in the form of cascading at the

supplied_ from.the Eastgrn Mediterranean. The dOV"m"’ard'southern slope of the sea (Sparnocchia et al., 1999), and it is
transfer is particularly evident between 1987 and 1997. Later major relevance for the turnover of the WMDW (Millot

ﬁn' information pﬁrtlybrestsé?: |r];1crea3|ngbtr|_tu,ﬁﬁe ?ges;d 1999). A special feature is a T-S staircase structure, which
ere we correct the observede for contributions released ., jias that the interior of the deep part of the sea is replen-

from the ocean floor. The Tyrrhenian tracer distributions arejghed laterally from the boundary (Zodiatis and Gasparini
fully compatible with.data upstream of the Sicily Strait and 1996). More detail is provided in Sect. 2. A transient en-
|n'the Western Mediterranean. The tra.cer data shqw thaf o ncement in the mixing, potentially modifying the role of
mixing reached to the bottom and confirm a cyclonic na-y,e yirhenian, has been noted and associated with the East-
ture of the deep water circulation in the Tyrrhenian. They . \aditerranean Transient (EMT; Roether et al., 2007) by
furthermore indicate that horizontal homogenization of theAstraIdi et al. (2002) and Gasparini et al. (2005). We here

deep waters occurs on a time scale of roughly 5 years. Vargress the enhancement on the basis of helium isotope and
ious features point to a reduced impact of Western Med'ter'tritium data

ranean Deep Water (WMDW) in the Tyrrhenian during the ) )
enhanced-mixing period. This is an important finding be- The starting point of the present work has been a recent

cause it implies less upward mixing of WMDW, which has study, which observed the release’le, the rare isotope of

been named a major process to enable the WMDW to leav&€lium (He), from the submarine volcanoes of the Aeolian
the Mediterranean via the Gibraltar Strait. On the other handATC in the southern Tyrrhenian Sea (Lupton et al., 2011).
the TDW outflow for several years represented a major influx3SUCh He is derived from the Earth's deep interior. It has a
of enhanced salinity and density waters into the deep-waterHQ/4He ratio an order of magnitude higher tglan that in the
range of the Western Mediterranean. atmosphere (atmospheric ratiy = 1.384x 10~°; Clarke et

al., 1976). ThusHe is a unique indicator of volcanic input.
While the effect, in accordance with the depths of release,
was essentially confined to 300—700 m depth, it was found to
be superimposed on®e background that increased down-

wards with maximum concentrations below 1000 m (Lupton
Correspondence td. Roether etal., 2011). That difference in depth together with the rather
BY (wroether@physik.uni-bremen.de) moderate volcani@He signals led the authors to conclude
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42°N which enters via the Sardinian Channell®00 m sill; Fig. 1)
at greater depths (Astraldi et al., 1996). Together they form
the Tyrrhenian Deep Water (TDW), which leaves through
| the channel against the inflow of WMDW. The input from
the Sicily Strait is topographically steered into the south
of the sea. It is composed of Levantine Intermediate Wa-
ter (LIW), which is formed in the northwestern Levantine
Sea, and of waters adjoining the LIW from below. The lat-
ter waters, termed transitional Eastern Mediterranean Deep
Water (tEMDW), are part of the extensive mixing regime be-
tween EMDW and LIW, with contributions of intermediate
waters formed in the Aegean Sea. It is mostly the tEMDW
that contributes to the TDW, while much of the LIW leaves
the sea via the Sardinian Passage and the rather shallow Cor-
Fig. 1_. Map of stations useql in the present work. Station numberssr:Can Chatnnelfé450 m S;") n 'J[[heftrrzorth.l -lg;trl:k;e OUtI_IOWSdat
are given next to the markings. For cruises see Table 1. Deptﬁ € same ime Incorporate part ot he volca mentione
isolines are 500 m apart. Malta Escarpment = steep slope near 199%b0ve becaus_e the depth range.s.are S'm'lar' Hopkins (1988)
Sta. 8; Sardinian Channel = deep connection between Tyrrheniaf€Ported a ratio of WMDW to Sicily Strait overflow waters
and WMed south of Sardinia. of 2:1 on average and estimated the Sicily Strait input as 7
10*m3s~1 (0.07 Sverdrup; Sv). Millot (1999) notes that
the cascading on the northern slope of Sicily in the south-
that the deep signal was independent of the observed releasesn Tyrrhenian is a dominant mixing process between the
and instead was the result either of hydrothermal input elseSicily Strait overflow and the WMDW. He also holds that
where or of ingrowth from the decay of tritium. We here the implied lifting of the WMDW is a prerequisite for the
show that the latter source has indeed been dominant. W&/MDW to eventually take part in the Strait of Gibraltar out-
find that the deep-watéHe maximum was generated by the flow. He believes that therefore the “Tyrrhenian Sea is a key
mentioned enhanced mixing activity in the Tyrrhenian inter- place for the working of the whole Western Mediterranean
mediate and deep waters. The available tritum3#teldata, ~ Sea”, and that by its action the Western Mediterranean (here-
combined with suitable boundary conditions, give robust in-after WMed) deep waters have a faster turnover than those
formation on the process, independent of previous work.  of the EMed. A further point of his is that the mixing should
In contrast to the Earth’s deep interior, the shallower inte-increase with the WMDW inflow rate. He notes that beyond
rior, i.e. the Earth’s crust, sustains He productionasdecay  the cascading depth of about 2000 m, WMDW should be pre-
of uranium and thorium isotopes, which feeds an ocean-dominant. The subsurface waters of the Mediterranean have
bottom release of He depleted fie. At the ocean sur- been subject to slow increases in temperature and salinity
face, He is essentially in solubility equilibrium with atmo- (e.g., Bethoux et al., 1998); a summary for the WMed in-
spheric He. Below we apply a procedure that allows a sep<luding the Tyrrhenian has been given by Fuda et al. (2002).
aration of the various He components (Sect. 3). Tritium is Millot (1999) furthermore characterizes the circulation
produced by cosmic radiation, but the dominant source ovewithin the Tyrrhenian as cyclonic at all depths (his Fig. 3),
the past decades has been the atmospheric testing of nahd as being concentrated toward the continental slopes. This
clear weapons. As a consequence, its atmospheric concentramplies that that the WMDW inflow would be concentrated
tions strongly peaked in the 1960s and have since decreasdadward the Sicilian slope and TDW outflow toward Sardinia.
by radioactive decayTf,» = 12.32years; Lucas and Unter- Zodiatis and Gasparini (1996) found that the Tyrrhenian Sea
weger, 2000) and by exchange primarily with the ocean wa-staircases have a clear and coherent structure in the interior
ters. From concurrent data of tritium and tritiugeAlde a  of the deep basin, but become blurred toward the slopes. Be-
water age (subsurface travel period; see Sect. 3) can be congause vertical exchange across the interfaces is rather slow,
puted. their interpretation is that the stair structure is maintained by
lateral exchange with a deep boundary flow, supporting Mil-
lot’s view. The authors furthermore noted a decrease in the
2 The Tyrrhenian Sea: the pre-EMT situation and number of T-S steps between 1973 and 1992.
EMT-induced changes The recent changes in the Tyrrhenian Sea have been stud-
ied, among others, by Astraldi et al. (2002) and Gasparini et
Classically, the Tyrrhenian Sea subsurface waters are comsl. (2005). The basic fact is that the EMT increased the den-
posed of overflow at the Sicily Strait-600m sill) from  sity of the Sicily Strait overflow, with the salinity being high-
the Eastern Mediterranean Sea (EMed) (Sparnocchia et alest during 1992-1993 and decreasing thereafter (Gasparini et
1999) and of Western Mediterranean Deep Water (WMDW),al., 2005; Fig. 4). As their Figs. 7 and 10 show, the change

q

40°N ]

74
A736 A738 \
38°N %
O M5/6 1987
> M31/1 1995
A Pos 234 1997
O M44/1 1999
[o]
d
o
»*

36°N -

M51/2 2001
Aeolian 2007
Medocc07

Etymed 2009

34°N

6°E 9°E 12°E 15°E 18°E

Ocean Sci., 7, 9189, 2011 Wwww.ocean-sci.net/7/91/2011/



W. Roether and J. E. Lupton: Tracers confirm downward mixing of Tyrrhenian Sea 93

began to be felt in the Sicily Strait and at the entrance intoTable 1. The cruises providing data.
the Tyrrhenian in about 1992, and, according to Astraldi et
al. (2002; Fig. 15), shortly thereafter also within the TDW.

This precedes the changes in the EMed deep waters, which

Cruise Dates Tracer d&ta Reference

. . . . METEORS/6, Aug-Sep 1987 ++ Roether et al. (2007)
is natural_smce the intermediate waters were affected by the Vieteor31/1 Jan—Feb 1995 ot .
EMT earlier than the deeper EMDW, for which the massive  poseipon234  Oct—Nov 1997 + Rhein et al. (1999)
influx from the Aegean only began in mid-1992 (Roether et MEeTEOR44/4  Apr-May 1999 ++ Roether et al. (2007)
al., 2007; Fig. 9). Consequently, the density contrast between METEORS1/2 Oct-Nov 2001 ™

. . - AEOLIAN ‘07 Nov 2007 + Lupton et al. (2011)
500 and 2000 m in the Tyrrhenian was lowered (Gasparini et \cpocc7 Oct 2007 cTB
al., 2005; Fig. 16), enhancing downward mixing. On the ba- Ervmen Jun—-2009 53He only

sis of temperature and salinity balances, the authors deduced
an average Sicily Strait input rate, 1990-2000, of 0.3 Sv, & ++: tritium, 53He, He- and Ne-concentrations, T, S; + tritium aéHe only.
four-fold increase over the previous rate, with the input peak-, includes data for the tracer CFC-12

. . e . . L. courtesy K. Sctider and G. P. Gasparini.

ing in 1992 (their Fig. 15). Both studies find rising tempera-

ture and salinity in the interior of the sea in the depth range

of the staircases, which means that the lateral exchange withich is the percentage deviation of thee/He ratio from
the boundary current must be substantial. One expects thafe atmospheric ratio. Typical precisions are ahaQt2%
the enhanced Sicily Strait input and increasing density of th&q, s3H4e +0.3% for He and Ne concentration. areB%
TDW would modify, and presumably reduce, the WMDW . o 01 TU (whichever is greater) for tritium. For the 1987
impact. The property changes in the LIW have been identi-crise, tritium measurements were partly done by gas count-
fied as a factor in inducing changes in the WMDW that werejng following isotopic enrichment, with typical precisions
recently observed (Schder etal., 2006). of 5%/0.08 TU (cf. Roether et al., 1999). Data from the
LIW is formed in the northwestern Levantine Sea (east of20g7 and 2009 cruises were measured in Newport, Ore-
the island of Rhodes). This water mass starts with tritiugenicgon, using the procedure of Lupton (1990). Tritium was
3He corresponding to a few years of ingrowth, and signifi- measured by mass spectrometer using He ingrowth
cant further ingrowth occurs during the several-year subsurinethod. Precisions are abat®.2% fors3He and=0.03 TU
face trayel time up to the Sicily Strait (Roether et al., 1&?98a).fOr tritium. The stations that we use below are shown in
Travel times can vary due to reversals of the upper circularig 1, which also outlines the bathymetry. Those in the
tion in the lonian Sea, and it appears that in the years aroungyrhenjan are scattered throughout the basin, consequences
1987 these were comparatively long and became shorter iBre addressed below. Temperature and salinity, measured
about 1997 (Gacic et al., 2010). by CTD, have uncertainties for S/EOR 5/6 and RSEK-
Tritium observations in the Tyrrhenian exist since 1972. pon 234 of aboutt0.003°C and-£0.004 salinity units, but
Cortecci et al. (1974) reported for that year about 10 TU atjower ones for MDoCc07. Depths are given in decibars
the surface (1 TU means%i/H ratio of 107%), 4-6 TUin (1 dbar~0.99m) and density as potential density anomaly
LIW, and 2.7 TU in TDW, while the corresponding values in referenced to 2000 dbas-).
1981 were 6.5TU, 5.5TU, and 2.7 TU (Andrie and Merlivat,  The Rosgipon cruise has four Tyrrhenian stations with

1988); the latter values refer to the Sardinian Channel buiyata for the named tracers, i.e., the full set at Stas. 745 and
should be near to those in the Tyrrhenian proper. The suryg4, tritium only at 765, and the He/Ne set only at 766. That

face water values are compatible with the reconstruction forgiation is located near to the center of the deep part of the
the lonian Sea surface waters by Roether et al. (1992), i.epasin, while Sta. 764 has a rather more peripheral location.
maximum tritium in 1965 of approximately 28 TU, 14 TU in g enable evaluation of the former station, we use the fact
1972, and 7TU in 1981. The data suggest that subsurfacat tritium concentrations should be rather well correlated

tritium in the Tyrrhenian went through a broad maximum in ith those of the transient tracer CFC-12. We therefore set
the 1970s and has decreased since. Tritium and He iSOtOpg (766) = ccre12(766) cyi (765)/ccra12(765), where the

observations were carried out in 1997 (Rhein et al., 1999)ista_ 765 ratios are interpolated to Sta. 766 bottle depths.
the authors show that at that time tftde in the Tyrrhenian The tritium-3He age can be derived as follows:

deep waters exceeded that in the WMed.
T =11/e IN (14 Heyi /tritium) (1)

3 Data and methods where, 1/ = radioactive mean life of trittum (17.8 years),

and both tritium andHey;, the tritiugenic3He, are in TU
Table 1 lists the cruises that provided tritium, He isotope and(1 TU, a3H/H ratio of 1018 it is equivalent to 49 x 10~15
neon (Ne) data used in this paper. All data prior to 2007ccSTP3He per g of water). Under Mediterranean conditions,
were measured at Bremen using the procedureitieBfu?  a3He concentration in equilibrium with the atmosphere cor-
et al. (2009). We report helium isotope ratiossdsle (%), responds to 21 TU of decayed tritium. Sintiéey; is lost at
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2 0 2 a 6 8 0 12 14 Fig. 3. Density g2 = potential density anomaly referenced to
&3He % 2000 dbar) versus salinity for Tyrrhenian stations, 1987-2007 and
for WMed stations of 1997 (bottle data; the 1997 profiles are in
Fig. 2. $3He versus depth in 1987 (MEOR cruise 5/6), 1997 color). For cruises and station positions see Table 1 and Fig. 1,
(POSEIDON cruise 234) and 2007/2009 &oLIAN 07 and B- depth markings are in dbar. For the 2007 tracer station a nearby
YMED). For cruises see Table 1 and for station positions see Fig. 1CTD profile is shown (Mpocd07, see Table 1), which displays
83He is defined as the relative deviation (%) from the atmosphericStaircase structures.
SHef*He ratio. Due to different solubility of the two isotopes (cf.

Sect. 1)53He has surface values neal.6%. i ) ) ]
low Ry is applicable. The Tyrrhenian waters are thus a mix-

ture of low-R; waters. Although the aforementioned volcanic
releases have a far highg, this input is at shallow depths
and is partly removed with the LIW outflow. Furthermore the
Tyrrhenian has a comparatively short turnover time, which
limits the contributions from within the sea. On this basis,
we use rounde®;/ R, values of 1 for the Tyrrhenian waters

the water surface by the aforementioned equilibration with
atmospheric Her refers to uninterrupted subsurface travel.
However, due to mixing effects, is biased toward compo-
nents of relatively higher tritium antHey; concentrations.
To determine®Heyi, we apply the procedure of Roether et . .
. ' . assumed uncertaint0.5) and 0.5 outside.

al. (1998hb) with the correction of Roether et al. (2001; see( %0.5) : I .
also Well et al., 2001), which is based on measured He and It.fosllows that the corresponding contributions of terri-
Ne concentrations; for the #OLIAN station of 2007, we Jc ¢ He to t_he_ total non-atm_ospheﬁbie amou_nt to only
used He and Ne cbncentrations estimated from the’ Bremeﬁbouj{ 1.5%. within the Tyrrhenian and 7% outside. The un-
data of the other years. The procedure uses Ne observatior%artamtles in measurement andpconvert to standard pre-

to determine the atmosphere-derived portions of the He iso9'S'ons of tritiugenic’He of about£0.2TU. The age uncer-

i - tainties are about- 3 years, or up tat6 years in the case
tope concentrations. The remainifige represents the por- o : T
) N ; of low tritium concentrations measured by gas counting (i.e.,
tion released from the ocean floor (terrigenic He), while the

3He is composed of both terrigenic and tritiugefiite. The for part of the deep Tyrrhenian values of 1987).
terrigenic®He is the product of the terrigenic He and its iso-
topic ratio R; and can thus be corrected for provided tRat

is known.

Contrary to the highR; values for He released from the The Tyrrheniars®He profiles shown in Fig. 2 reveal drastic
Earth’s deep interior, those for He derived from the Earth’schanges over the period 1987—2009. The upper-layer val-
crust are on the order at;/R;=0.1 only. While the for- ues decrease steadily in time while the deep-water values
mer component has localized sources, the latter is added atse, with a cross-over point near 1000 m depth. The figure
basin scale (Well et al., 2001). Terrigenic He in the East-gives a vivid illustration of the EMT-associated downward
ern Mediterranean has been shown to have a rather low ratidransfer of upper waters. As previously mentioned, such
Ri/Ra=0.42+0.1 (Roether et al., 1998b). Its prominent transfer lasted from about 1990 to 2000 (Sect. 2), so that
crustal contribution results from continental-type crust andthe 1997 profiles fall into the active period, while those of
excessive sediment load (Morelli, 1985). In the WMed simi- 1987, 2007 and 2009 met more quiet conditions. It is thus no
lar conditions hold, and we therefore assume that a similarlysurprise that the 1997 profiles show significant differences,

4 Results and discussion
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trittum-3He ages (Stas. 764 and 766 only) in the Tyrrhenian Sea B . 1 . 2 3 g = 2
and the WMed, PSEIDON234, 1997. Note that age scale is com- tritium [TU], tritug. “He [TU], age [yrs/10]

pressed 10-fold (1 unit = 10years). For station positions see Fig. 1.
Sta. 736 in the WMed replaces 738 shown in Flg 3 which does nOtFig_ 5. Tritium’ tritiugeniche [TU] and tritium;He age [years/lo]

have tracer data, while T and S are nearly the same. Tritium datgn the Tyrrhenian Sea in 1987 (M 5/6, Sta. 786, full lines), 1997
for station 766 converted from Sta. 765 data using a correlation with poseipon 234, Sta. 766, dotted) and 2007&BLIAN 07, VO7B-

the tracer CFC-12 (Sect. 3). 01, dashed). For station positions see Fig. 1. The scatter in the 1987
tritium profile and in the age profiles reflects the data uncertainties
(Sect. 3).

while those of 2007 and 2009 are virtually identical; we infer

that the single profile of 1987 should be rather characteristic
for the Tyrrhenian at large. refer to a period of about 5 years (1992-1997), they pointto a

characteristic, or e-folding, time for internal TDW recircula-
tion of recirc = 5 years. This is but a rough estimate, although
the corresponding distances in T-S space (not shown) give a
similar result. Older waters might however be present east

together with relationships for the 1987 and 2007 TyrrhenianOf 12 Et' 1.€., Ihalfwzi\y across tf;eb ba(?nf (Flgr.]_li], out:rs]lde of
stations (black). Bottle data are shown to ease a comparisot € eas ?m a (t)_ng-s%p])e curretn an ’htotr) WI ich we tz_at\_/e no
to the corresponding tracer profiles in Fig. 4. Sta. 738 repre-racer information. these waters mignt be fower in triium

sents the WMed waters that potentially enter the Tyrrhenianthan found at our Tyrrheman_ tracer stations. We_ hOId. that,
therefore, and also in view of its rather central position in the

\(Allzri]gels)tar'e;fezs’ei[t;htis l?nﬁ’fn;?et hfn;%rins; l;t:r\g]evj;g i?r:rlig?basin, Sta. 766 is a reasonable choice to represent the deep
WN ’ : Tyrrhenian basin in 1997 (cf. Fig. 5).

inal WMDW and TDW outflow from the Tyrrhenian close
to the entry of the latter. Of the Tyrrhenian stations, the The 2007 Geostar profile (see Table 1), matchesothe
1987 profile has by far the lowest densities, reflecting thesalinity range of the 1997 Tyrrhenian stations below about
differing characteristics of WMDW (Bethoux et al., 1998) 1100 m, while at shallower depths it deviates toward higher
and the lesser input of Sicily Strait overflow waters prior Salinity. Near the bottom, the 2007 profile has higher salin-
to the EMT-based changes. This situation should have prelfy and is on the low side of the 1997 densities, indicating
vailed up to about 1992 (Sect. 2). Among the 1997 stationsthat WMDW influx in the years in-between must have been
Sta. 745 (blue) is the closest to the 1987 profile and 764 (redyather limited. We note in passing that at this station the stair-
the farthest, which is caused by delayed arrival of the mod-case structure between about 1000 and 2000 m depth is rather
ified waters at the former station, in keeping with the men-Similar to that found in 1992 (Zodiatis and Gasparini, 1996),
tioned cyclonic circulation in the basin. In the TDW depth but, naturally, with temperature and salinity distinctly higher
range (1000—2000 m), the spread between these two statiori8an observed in that year.

in o2-salinity space amounts to about 1/3 of their mean dis- As for the prominence of WMDW in the deepest Tyrrhe-
tance to the 1987 station properties. As these differencesian waters noted by Millot (1999), the 1987 Sta. 786 indeed

The question of uniformity within the Tyrrhenian in 1997
and of water exchange with the WMDW is addressed in
Fig. 3, which presents density) versus salinity for Tyrrhe-
nian and WMed stations from the 1997 cruise (all in color),

Www.ocean-sci.net/7/91/2011/ Ocean Sci., 7,992011
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has a near-homogeneous bottom layer reaching up to 25000 Tyrrhenian and
depth. However, similar features in the 1997 Tyrrhenian pro- 0
files are restricted to below 3000 m depth. This indicates that

in 1997 the WMDW had less prominence than prior to the 5001
period of enhanced vertical transfer.

The property values in the boundary flow west of Sar-
dinia (Sta. 742) contrast strongly with those farther west
(Stas. 736 and 738). Assuming that the addition of TDW oc-
curs primarily along isopycnals, the higher salinities indicate
TDW contributions of 60% or more on average, approaching

1000+

31500}
e}

L
100% near 1200 m depth. Prior to the EMT-induced changes, §2000 I
the boundary flow certainly had lower salinity, a consequence © tritium
of the comparatively lower salinity of the WMDW and its 2500+ *He
larger contribution to the TDW (Sect. 2). Considering the agel5
enhanced influx of Sicily Strait overflow under EMT influ-  3gg0! Tyrrhenian
ence (1990-2000 average 0.3 Sv; Sect. 2), the WMDW con- Malta Esc.
tribution to the TDW, and WMDW entrainment upon passing 3500 ‘ ‘ ‘
the Sardinian Passage, the boundary flow along Sardinia def 0 2 4 6

initely exceeded 0.5 Sv over several years. It follows that tritium [TU], tritiug. *He [TU], age [yrs/5]
this flow represented a distinct input of high-salinity waters

directly into the deep-water depth range, which to our knowl- Fig: 8- Profiles of tritium, tritiugenic3He [TU] and tritiumSHe-

ages [years/5], Meteor 5/6, 1987, in the Tyrrhenian Sea (Sta. 786)

edg_e has jscaped thetattentlon Ifr_1| prerIOtES S:I:[ggI?eZt 764and at the Malta Escarpment upstream of the Sicily Strait (Sta. 779).
Igure compar-es racer profiies o .e as. For Sta. 779 only the upper 1000 m are shown, for station positions
766, 745, and 736, in correspondence to Fig. 3. Sta. 766 (dots

ted) reaches the deepest and displays rather uniform propert);ee Fio- 1
values below 1500 m. Below 750 m, the Sta. 766 tritium val-
ues become intermediate between those at Stas. 745 (dashed)Before discussing Fig. 5 in more detail, we address the
and 764 (full lines) but exceed these below 1900 m. Tritiu- connection to the Sicily Strait overflow. Figure 6 compares
genic3He at Sta. 766 is likewise intermediate at mid depths,the Tyrrhenian tracer profiles of 1987 with concurrent ones
while at 1800 m the three stations nearly coincide, and theat the Malta Escarpment immediately upstream of the strait.
Sta. 766 tritumiHe ages exceed those at Sta. 764 downConsidering uplift of the waters upon entrance into the strait
to 2000 m, while at greater depths they are markedly lower(Astraldi et al., 2001), the relevant depth range at the escarp-
Above we pointed out that Sta. 764 has the shortest path fronment feeding the Tyrrhenian should be approximately 350—
the cascading region, which is consistent with its compara-550 m. It follows that tritiugeniéHe hardly increased on the
tively lower 3He and lower ages down to about 1800 m. But way, tritium decreased, and the ages increased from about 12
at greater depths apparently older waters are present, whicle 15 years at the Sicily overflow depths. These changes are
is manifested in lower tritum and highéHe and ages. clearly attributable to tritium decay aritHe ingrowth dur-
Sta. 736 (dash-dotted) in the WMed has the lowest tritiuming the transit, accompanied by dilution. The consistency
of the set at mid-depth~800-1500 m), but the highest be- between the tracer profiles provides independent evidence of
low 1800 m, while its3He is the lowest from-800m allthe  the®He in the Tyrrhenian arising predominantly from tritium
way to the bottom. At Sta. 742 at the southwestern slope oflecay.
Sardinia one finds tritium antHe values (not shown) rather In the upper-water column of the Tyrrhenian Sea, tritiu-
similar to those at Sta. 736, in particular similarly |Gkle genic3He and tritium continually decreased in time (Fig. 5),
below 800 m. but this is only partly due to convective mixing in the Tyrrhe-
The temporal evolution of the tracer profiles for the nian. A further cause is a decrease in the supply from the
Tyrrhenian is shown in Fig. 5. The tritium arféle profiles  Sicily Strait. Atthe Malta Escarpment (Fig. 7) in the relevant
fully support the downward water transfer noted in Fig. 2. depth range (350-550 m, see above), the trititife] values
The cross-over depth between the 1987 and 1997 profiles isere 3.5TU (3.2TU) in 1987 and 1.3TU (2.1 TU) in 2001.
near 900 m, very similar to that in Fig. 2, while below 1500 m In detail one notes inversions between 1995 and 1998l
the tritium became uniformly higher by two-fold down to the and between 1999 and 2001 in tritum. The 1999 profile
bottom. The ages hardly changed down to 1500 m and bedisplays the highestHeyi/tritium ratio in the set. Possible
came lower farther down. After 1997, tritium decreased bycauses are the aforementioned inversions in the lonian circu-
decay, raising théHe values, which, according to Eq. (1), lation (Sect. 2) or effects from the differing station positions.
led, below 1200 m, to an apparenflO-year increase in age The 2007 upper water tritium ariéHey; values in the Tyrrhe-
up to 2007, i.e., just about the difference in calendar time. nian Sea (Fig. 5) were about 0.8 and 2.1 TU. Considering
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the fact that by 2007 tritium had become so low0(4 TU)
that decay up to 2009 represented a rather insignifite

increase (0.15%).

200 5 Conclusions
3He and tritium data in the Tyrrhenian Sea, in the EMed im-
mediately upstream of the Sicily Strait, and in the WMed,
1987-2009 (Figs. 2 and 5), give independent evidence of the
EMT-related enhanced mixing of the waters overflowing the
N Sicily Strait into the Tyrrhenian Sea deep waters, supporting
— 1987 previous studies (e.g., Astraldi et al., 2002; Gasparini et al.,
::ggg 2005). The data reflect thg downyvgrd cascading of the in-
""" 2001 flpwmg Water_s from the $|C|Iy Strait in the_southern Tyrrhe-
- tritium nian Sea, which, according to Sparnocchia et al. (1999) and
— 3 Millot (1999), should reach down to about 2000 m depth. In
1000 ‘ L/ — "He 1987 there was a thick bottom layer, depth 2500-3500 m,
0 1 2 3 4 which showed near-constant temperature and salinity, while
tritium (TU), tritiug. *He[TU] in 1997 such a layer did not reach above 3000 m depth. We
interpret the increased depth of the top of this layer, together
Fig. 7. F;rfjf”fgsg‘;f(tlgti“m asr‘/‘é tgttiug$%‘7;’“19932 E:;r Maltgl/Els- with other evidence (see above), as indicating a reduced im-
carpment in TEOR5/6, Sta. , EOR , - ;
Sta. 8). 1999 (MTEORA44/4, Sta. 303) and 2001 @reor51/z,  Pact Of WMDW on the Tyrrhenian deep waters during the
Sta. 558). For station positions see Fig. 1. The locations of the 199§)en0d Of.enhanced ml.xmg'. It .fOHOWS that less WMDW Wa.s
and 2001 stations are somewhat farther away from the escarpme .‘,’O'Ve‘?' in the casgadlng V\{'thm the sea F:ompared to outside
Note temporal inversions in the general trend of decreasing tracefiS Period. According to Millot (1999) this means a reduced
concentrations. upward displacement of WMDW, reducing its capability to
leave the WMed via Gibraltar Strait. The tracer concentra-
tions, on the other hand, were virtually constant below 1200
the decreasing tritium values in the overflow and decay af-to 1500 m in both cases. This finding points to relatively fast
ter 2001, the 2001 Malta Escarpment and 2007 Tyrrheniarmixing beyond the depth of the cascading. For 1997 we note
tracer values are fairly compatible. substantial horizontal differences in deep-water tracer con-
Returning to Fig. 5, we noted above that in 1987 tri- centrations, which support the cyclonic nature of the circu-
tium was virtually constant below 1500 m down to 3500 m, lation (Millot, 1999) and indicate a time scale for horizontal
and was again constant but a factor of two higher in 1997 exchange within the sea on the order of 5years. We further-
The uniformity of tritium in 1987 is indicative of relatively more find that the TDW outflow must, for several years, have
fast vertical mixing, unless the potential WMDW contribu- served as major source of waters of enhanced salinity and
tions accidentally resulted in matching tritium concentra- density in the deep-water depth range of the WMed.
tions. Also for 1997, tritium might have been added at depth  Our study furthermore confirms that the de¥pe maxi-
by intruding WMDW, but salinity increased so much during mum observed by Lupton et al. (2011) was indeed almost en-
this period (Fig. 3) that such contributions must have beertirely produced by tritium decay. The conditions for ingrowth
quite small. Between 1997 and 2007 one finds tritium be-of tritiugenic®He are favorable, since the waters overflowing
low 1000 m depth dropping by0.4TU, i.e. by a factor of in the Sicily Strait have long subsurface travel times from
2, in agreement with 10 years of decay within the data er-their formation regions, and once the waters have been trans-
rors. However, a matchingHe increase is only present be- ferred into the Tyrrhenian deep waters, further ingrowth can
low 2000 m, indicative of a closed system, i.e. of essentiallyfreely occur. The separation of tritiugenitle followed a
stagnant resident waters. At shallower depths3He in- procedure described elsewhere (Roether et al., 1998b, 2001),
crease is half as great or less. The cause is uncertain. Sul¢hich makes use of concurrent He and Ne concentration
stantial ongoing transfer from above would have reduced thalata. Under the special conditions of the Mediterranean Sea
3He further and can thus be ruled out, and the same holds fathere is, fortunately, much less interferencebie released
contributions of WMDW (Fig. 4). A possibility could be ad- from the ocean floor than elsewhere in the ocean (Roether et
mixture of Tyrrhenian deep waters from east of E2where,  al., 1998b; Well et al., 2001). Furthermore, the volcaiie
as mentioned above, waters could have been “older”, havingbserved by Lupton et al. (2011) is released at rather shallow
both lower tritium and®He. Note that the similarity of the depths, so that much of it is removed with the LIW outflow

2007 and 2009 deep-wat&tHe values (Fig. 2) arises from from the Tyrrhenian Sea.
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